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Abstract
We grew single crystals of a ferromagnet LaCo2P2 and an antiferromagnet CaCo2P2, and
clariﬁed the magnetic properties by measuring the electrical resistivity, speciﬁc heat, magnetic
susceptibility, and magnetization. For LaCo2P2, we also carried out the de Haas-van Alphen
(dHvA) experiment. Detected dHvA branches are well explained by the results of energy band
calculations using a full-potential linearized augmented plane wave method within the local
spin density approximation, where the ferromagnetic state is assumed. The cyclotron eﬀective
masses are (2–3)m0 (m0: rest mass of an electron). The present relatively large cyclotron
masses in LaCo2P2 are due to ferromagnetic correlations of Co-3d conduction electrons, which
are compared with much larger cyclotron masses of (3–7)m0 for a nearly ferromagnet SrCo2P2.
Keywords: LaCo2P2, CaCo2P2, SrCo2P2, itinerant magnetism, dHvA eﬀect, energy band calculation
1 Introduction
Previously, Sr1−xCaxCo2P2 with the ThCr2Si2-type tetragonal structure was studied from
a viewpoint of dimensionality of the electronic state and magnetism [1]. With increasing Ca-
concentration x, the a-value in the tetragonal structure is strongly expanded, and the c-value
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Figure 1: Crystal and magnetic structures in (a) SrCo2P2, (b) CaCo2P2, and (c) LaCo2P2.
is intensively shrunk for x > 0.5. The corresponding Sr1−xCaxCo2P2 (x > 0.5) compounds are
changed into antiferromagnets. This is because SrCo2P2 and CaCo2P2, as shown in Figs. 1(a)
and 1(b), respectively, are considered to be formed by stacking sequences of Sr (Ca) and Co2P2
layers. In the case of SrCo2P2, the Co2P2 layers are isolated from Sr layers, and the electronic
state is expected to be quasi-two-dimensional. On the other hand, in the case of CaCo2P2, the
strength of the P-P chemical bond between neighboring Co2P2 layers is enhanced, which induces
a three-dimensional electronic state and also antiferromagnetism with an ordered moment of
0.3 μB/Co, as shown in Fig. 1(b) [2].
It is, however, clariﬁed from our de Haas-van Alphen (dHvA) experiments and energy band
calculations for SrCo2P2 that the electronic state of SrCo2P2 is nearly three-dimensional rather
than two-dimensional [3]. The detected cyclotron eﬀective masses are heavy, ranging from
0.87 to 7.2m0 (m0: rest mass of an electron), revealing that SrCo2P2 is a nearly ferromagnet.
Namely, the ground state of SrCo2P2 is close to the ferromagnetic instability. In fact, the
high-ﬁeld magnetization indicated an itinerant-3d electron metamagnetic transition at 597 kOe
and revealed a saturated moment of 0.2 μB/Co in SrCo2P2 [4].
In this paper, we continued the study of electronic states in an antiferromagnet CaCo2P2
and a ferromagnet LaCo2P2, as shown in Fig. 1(c) [5], measuring the electrical resistivity,
speciﬁc heat, magnetic susceptibility, and magnetization. For LaCo2P2, we also carried out the
dHvA experiments and energy band calculations. The Fermi surface properties of LaCo2P2 are
discussed theoretically and compared with the results of SrCo2P2.
2 Experimental Procedure
Single crystals of CaCo2P2 and LaCo2P2 were grown by the Sn-ﬂux method as in SrCo2P2 [3].
Starting materials of 3N (99.9% pure)-Ca(La), 4N-Co, 5N-P, and 5N-Sn, with a composition
ratio of 1.2:2:2:25 were inserted into an alumina crucible. The crucible was encapsulated in
a quartz tube, heated to 1150 ◦C, kept at this temperature for ﬁve days, and then cooled
gradually from 1150 to 600 ◦C, taking 20 days in total. The excess Sn ﬂux was removed at
300 ◦C by spinning the ampoule in a centrifuge. The single crystals of CaCo2P2 and LaCo2P2
De Haas-van Alphen Eﬀect and Fermi Surface Properties in . . . A. Teruya et al.
877
 	
 
Figure 2: Single crystals of (a) CaCo2P2 and (b) LaCo2P2 grown by the Sn-ﬂux method.
are show in Fig. 2, with a typic size of 2×2×0.5 mm3 in LaCo2P2, for example. The ﬂat plane
corresponds to the tetragonal (001) plane. The direction of the crystal was determined by the
X-ray Laue method.
The electrical resistivity was measured by the ordinary four-probe DC method in the current
along the [100] direction. The measured temperature was in the range from 1.4 K to room
temperature. The magnetic susceptibility and magnetization were measured using a commercial
magnetometer in the temperature range from 2 K to room temperature under the magnetic
ﬁelds up to 50 kOe. The speciﬁc heat measurement was carried out by the quasi-adiabatic heat
pulse method in the temperature range from 2 to 250 K. The dHvA experiment was carried out
by the standard ﬁeld modulation method at a modulation frequency of 68 Hz and a modulation
ﬁeld of 100 Oe in strong magnetic ﬁelds up to 150 kOe. The measured temperature was in the
temperature range from 20 mK to 0.6 K.
3 Experimental Results and Analyses
We present here our experimental results, focusing the magnetic properties of the antiferro-
magnet CaCo2P2 with TN = 110 K, and the dHvA eﬀect and Fermi surfaces properties of the
ferromagnet LaCo2P2 with TC = 130 K.
3.1 Antiferromagnet CaCo2P2
We measured the temperature dependences of the electrical resistivity, speciﬁc heat, and
magnetic susceptibility, together with magnetization curves, as shown in Fig. 3. The antifer-
romagnetic ordering is clearly observed at TN = 110 K in the electrical resistivity and speciﬁc
heat, as shown in Fig. 3(a), while the antiferromagnetic ordering is not clear in the magnetic
susceptibility under H = 10 kOe, revealing a small change of the susceptibility at TN = 110 K,
as shown in Fig. 3(b). The residual resistivity ρ0 is relatively large, ρ0 = 8.6 μΩ·cm. The elec-
tronic speciﬁc heat coeﬃcient γ is estimated as γ = 21 mJ/(K2·mol) from the low-temperature
speciﬁc heat data, as shown in inset of Fig. 3(a).
The low-temperature susceptibility under magnetic ﬁeld of 10 kOe indicates a peak at
Tχmax = 36 K for H ‖ [100] (Tχmax = 32 K for H ‖ [001]). The origin of this Tχmax is not
clear at present, but is clearly related to the metamagnetic-like change of magnetization at 21
and 51 kOe, as shown in Fig. 3(c). Under zero magnetic ﬁeld, a change of the antiferromag-
netic structure is not observed, as shown in Fig. 3(a). The present Tχmax is thus related to a
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Figure 3: (a) Temperature dependences of the electrical resistivity ρ and speciﬁc heat C, (b)
temperature dependences of the magnetic susceptibility χ and inverse one 1/χ, (c) magnetiza-
tion curves at 2 K for H ‖ [100] and [001], and (d) magnetic phase diagram for H ‖ [100] in an
antiferromagnet CaCo2P2.
metamagnetic-like change of magnetization shown in Fig. 3(c). The present magnetic properties
are summarized in the magnetic phase diagram shown in Fig. 3(d).
3.2 Ferromagnet LaCo2P2
Figure 4(a) shows the temperature dependence of the electrical resistivity, indicating a
steep decrease of the resistivity below TC = 130 K. The ρ0 and RRR values are ρ0 = 1.2 μΩ·cm
and RRR = 69, revealing a good single crystal sample. The present ferromagnetic ordering is
observed at TC = 130 K in the speciﬁc heat, as shown in Fig. 4(b). The γ value is estimated as
γ = 19 mJ/(K2·mol) from a C/T vs T 2 plot, as shown in inset of Fig. 4(b).
Figure 4(c) shows the temperature dependences of the magnetic susceptibility χ and magne-
tization M for H ‖ [100]. The eﬀective magnetic moment μeﬀ and the paramagnetic Curie tem-
perature are obtained as μeﬀ = 1.0 μB/Co and θp = 135 K. The magnetization at H = 10 kOe
forH ‖ [100] increases steeply below about 150 K and saturates at lower temperatures. Here, the
magnetizations for H ‖ [100] and [001] correspond to easy-axis and hard-axis magnetizations,
respectively, as shown in Fig. 4(d). The saturated moment is 0.4 μB/Co. These experimental
results are consistent with the previous results [5].
We furthermore carried out the dHvA experiments for LaCo2P2 using the good-single crys-
tal sample. Figure 5 shows the typical dHvA oscillations and the corresponding fast Fourier
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Figure 4: Temperature dependences of (a) electrical resistivity ρ, (b) speciﬁc heat C, (c) mag-
netization M and the inverse magnetic susceptibility 1/χ, and (d) magnetization curves at 5 K
for H ‖ [100] and [001] in a ferromagnet LaCo2P2.
transformation (FFT) spectrum. Here, the dHvA frequency F (= ch¯SF/2πe) is proportional to
the maximum or minimum cross-sectional area SF of the Fermi surface. The dHvA frequency
is in the range of 6.627 × 107 Oe named α1 and 1.390 × 10
7 Oe named γ2. For these dHvA
branches, we determined the cyclotron eﬀective masses m∗c from the temperature dependence
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Figure 5: (a) Typical dHvA oscillations and (b) the corresponding FFT spectrum in LaCo2P2.
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of the dHvA amplitude: m∗c = 2.5m0 (m0: rest mass of an electron) for branch α1 and 1.8m0
for branch γ2, for example, as shown in Fig. 5(b).
We rotated the sample against the magnetic ﬁeld and obtained the angular dependences of
the dHvA frequencies, as shown in Fig. 6(a). The dHvA frequencies for branches αi and βi
roughly follow the F (θ) = F (0)/ cos θ relation, indicating the nearly cylindrical Fermi surfaces.
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Figure 6: (a) Angular dependences of the dHvA frequencies, (b) theoretical ones, and (c)
theoretical Fermi surfaces with up- and down-spin states in a ferromagnet LaCo2P2.
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In fact, nearly cylindrical Fermi surfaces are theoretically obtained for dHvA branches αi and
βi, together with γi, as shown in Figs. 6(b) and 6(c). The theoretical energy band calculations
are described below. The present detected dHvA branches are identiﬁed as follows:
1) branches αi(i = 1, 2) and βi(i = 1, 2) are due to the 26th electron spin-down Fermi surface
and the 27th electron spin-up Fermi surface, respectively.
2) branches γi(i = 1, 2) are due to the 28th electron spin-up Fermi surface.
Theoretically many other dHvA branches, especially based on the band 26th and 25th hole
Fermi surfaces, exist, but are not detected experimentally, which are mainly due to large cur-
vature factors of these Fermi surfaces and the sample quality.
The present energy band calculations were carried out using a full-potential linearized aug-
mented plane wave (FLAPW) method within the local spin density approximation (LSDA),
where the ferromagnetic state is assumed, and calculations were performed self-consistently.
The spin-orbit interaction is neglected for simplify. The lattice parameters are adopted from
ref. 5. The energy band, and partial and total densities of states are shown in Figs. 7(a) and
7(b), respectively. The Fermi surfaces are mainly due to Co-3d electrons. The Fermi surfaces
consist of the 26th hole spin-up, 25th hole spin-down, 27th electron spin-up, 26th electron spin-
down, and 28th electron spin-up Fermi surfaces, as shown in Fig. 6(c). From the self-consistent
calculations, Co-3d electrons produce a magnetic moment of 0.4 μB/Co.
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Figure 7: (a) Energy band structure and (b) the corresponding partial and total densities of
states in a ferromagnet LaCo2P2.
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Figure 8: Relation between the cyclotron eﬀective masses m∗c and the dHvA frequencies F in a
ferromagnet LaCo2P2 and a nearly ferromagnet SrCo2P2.
4 Concluding Remark
We grew single crystals of CaCo2P2 and LaCo2P2, and clariﬁed the magnetic properties. For
a ferromagnet LaCo2P2 ,we also carried out the dHvA experiments of which the dHvA branches
were well explained by the results of energy band calculations. Here, we compare the cyclotron
masses of the ferromagnet LaCo2P2 with those of a nearly ferromagnet SrCo2P2. Figure 8
shows the m∗c vs F relation. Note that the ground state of SrCo2P2 is close to the ferromagnetic
instability and the electronic speciﬁc heat γ is relatively large, γ = 40 mJ/(K2·mol), which is
compared with γ = 19 mJ/(K2·mol) in LaCo2P2. Correspondingly, the cyclotron masses in
SrCo2P2 are twice large compared with those of LaCo2P2.
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